Summary. The diabetes syndromes produced by the two single gene mutations, obese (ob), and diabetes (db) are identical when both genes are expressed on the same inbred background, whereas on different backgrounds the syndrome changes from a severeobesity, moderate-diabetes to a severe life-shortening diabetes. The same initial sequence of events occurs in both conditions. Increased secretion of insulin and hyperphagia is followed by moderate hyperglycaemia with a further compensatory increase in insulin secretion followed by an expansion of the beta-cell mass. On the BL/6 inbred background, hypertrophy and hyperplasia of the beta cells continues until hyperglycaemia is controlled, whereas on the BL/Ks background, beta cell expansion fails and islet atrophy occurs causing insulinopenia, marked hyperglycaemia, and severe diabetes. The data presented here suggest that hyperphagia, hyperinsulinaemia, or both, early in development trigger the abnormal sequence of metabolic events leading to the obesity-diabetes state. These primary events interact with unknown genetic modifiers to produce either a juvenile or maturity-onset type of diabetes. An understanding of the mode of action of these background modifiers influencing the severity of diabetes in mice should lead to a better understanding of the ways in which unknown genetic and environmental factors contribute to human diabetes.
* Based on the Claude Bernard Lecture delivered to the European Association for the Study of Diabetes in Geneva on September 30, 1977 Diabetes mellitus in man has been defined as a disorder associated with a degree of hyperglycaemia inappropriate to the metabolic situation at the time of analysis. Diabetes is of two types: juvenile, occurring early in life characterized by insulinopaenia, marked hyperglycaemia, glycosuria and metabolic defects in all pathways modulated by insulin; and maturityonset diabetes occurring later in life in association with obesity and characterized by many of the same metabolic defects as juvenile diabetes. However, insulinopaenia is not characteristic of the early development of maturity-onset diabetes, instead moderate hyperinsulinaemia and insulin resistance contribute to the development of obesity.
The animal models available for diabetes research (Table 1) are most often more like maturityonset diabetes in man. Obesity is a consistent factor and insulinopaenia is rare. However, the time of gene expression at about two weeks of age is within the time period of juvenile expression. The severity and clinical course of the diabetes produced depends on the interaction of the mutant gene with the inbred background rather than the action of the gene itself. Thus on one inbred background a well-compensated, maturity onset type diabetes, compatible with near normal life is observed whereas on another inbred background the syndrome presents as a juvenile-type diabetes with insulinopaenia, islet cell degeneration, marked hyperglycaemia, some ketosis and a much shortened lifespan. Unfortunately, vascular, retinal and the other complications of diabetes are not seen consistently in these rodent syndromes. It seems that the severely diabetic animal either does not live long enough to develop these complications or that rodents are particularly resistant to those complications that commonly afflict human diabetics. Several comprehensive bibliographies and excellent reviews of the various studies carried out with each of these syndromes in animals have been published [2, 3, 19, 30, 31, 32] . This presentation will be restricted primarily to the research undertaken by my colleagues and myself with the two mouse mutations; diabetes (db), and obese (ob). Both mutations have been extensively studied by numerous investigators in attempts to define the primary lesion causing the syndrome. As yet, the primary defect remains illusive, although several possibilities are becoming increasingly plausible in the light of current research. Although the metabolic abnormalities associated with both obese and diabetes have many similarities with regard to the overall progression of the obesity-diabetes state, the documentation of two single genes on separate chromosomes makes it unlikely that the two syndromes are caused by the same primary lesion. However, the marked similarity between the two mutants when maintained on the same genetic background implies that the defects may occur in the same metabolic pathway.
Both syndromes vary in degree, rather than the developmental profile of the disease. Signs include hyperphagia, some degree of hyperinsulinaemia, hyperglycaemia (either transient or sustained) and marked obesity. Thermoregulatory defects, hypogonadism, and functional sterility are typical features. The activities of many enzymes in many pathways (lipogenesis, gluconeogenesis, glycolysis) have been studied and any abnormalities observed usually reflect the degree of hyperinsulinaemia. The most notable exceptions occur with those enzymes involved in gluconeogenesis that remain elevated in spite of high plasma insulin concentration [7, 20, 33] . Hyperplasia and hypertrophy of the islets of Langerhans are associated with both syndromes. Insulin resistance associated with a loss of receptor sites causes excessive insulin demand. Whether the increase in number and size of the islets can keep up with the abnormal metabolic demand for insulin to control the diabetes depends in both instances on the inbred background on which either mutation is maintained [9, 21] .
The Obese (ob) Mouse (Chromosome 6). The obese mutation occurred in a noninbred stock [23] but was established later, and has been maintained, in the C57BL/6J (BL/6) strain. BL/6 obese mice are characterized by marked obesity, hyperphagia, transient hyperglycaemia and markedly elevated plasma insulin concentrations associated with an increase in number and size of the beta cells of the islets of Langerhans [9, 17] . The mutation is autosomal recessive and homozygous mutants of both sexes are infertile. Obese mutants are obtained by mating known heterozygotes. The rate of liver and adipose tissue lipogenesis is more than doubled [29] , although this increase is not strictly proportional to the circulating insulin concentration (10 to 20 times normal). Marked insulin resistance is associated with a loss in insulin receptors in several tissues [26, 27] . This loss of receptor sites with obesity seems general in all obesity mutants studied and may be an attempt by the animal to protect itself against the hypoglycaemic effect of massive levels of circulating insulin [2] . Those enzymes involved in gluconeogenesis which normally are decreased in the hyperinsulinaemic state remain elevated in obese mice [20, 33] . This abnormality occurs early in development and may precede the loss of insulin receptor sites in target cells, and could represent a primary defect contributing to the hyperglycaemia. A primary metabolic disturbance in the adipocyte has been postulated in obese mice since increased adipocyte size has been observed as early as 14 days of age well before any obesity or hyperinsulinaemia are observed [25] . Diabetes (db), an autosomal recessive mutation, occurred in the C57BL/KsJ (BL/Ks) inbred strain and on this background is characterized by obesity, hyperphagia, and a severe diabetes with marked hyperglycaemia [7, 22] . Increased plasma insulin concentration is observed as early as 10 days of age [10] . The concentration of insulin peaks at 6 to 10 times normal by 2 to 3 months of age then drops precipitously to near normal levels. Prior to the fall in plasma insulin concentration, the most consistent morphological feature of the islets of Langerhans appears to be hyperplasia and hypertrophy of the beta cells in an attempt to produce sufficient insulin to control blood glucose concentration at physiological levels. The drop in plasma insulin concentration is concomitant with islet atrophy and rapidly rising blood glucose concentrations that remain over 400 mg per 100 ml until death at 5 to 8 months [7] . Compared with other obesity mutants the diabetic condition is more severe and the lifespan is markedly decreased.
The Diabetes (db) .Mouse (Chromosome 4).
The activities of several key gluconeogenic enzymes are increased in both young and adult diabetes mice as compared with controls [4, 7] in spite of the higher than normal circulating levels of plasma insulin. In contrast the activities of the insulin dependent enzymes such as glueokinase, glucose 6-phosphate dehydrogenase, citrate lyase, malic enzyme and acetyl-CoA synthetase are increased indicating a normal response to elevated concentrations of plasma insulin [7] . As in the obese mouse, insulin resistance coupled with a disappearance of receptor sites has been a consistent finding in most tissues studied [26] .
A second allele (db 2J) arose shortly after the original mutation was discovered at the Jackson Laboratory. This mutation in the strain of origin exhibited mild diabetes with markedly elevated plasma insulin concentrations sustained throughout a nearly normal lifespan. The phenotypic expression was identical to that observed with the BL/6 obese (ob) mutant and was distinctly unlike the original diabetes (db) mutation on the BL/Ks background [21[ . When the db 2J allele was introduced to the BL/Ks background, no differences in gene expression were observed between it and the original db mutation suggesting a marked effect of genetic background on the expression of the gene. Another spontaneous mutation (db 3s) occurred in the 129/J strain at the Jackson Laboratory and presented as a severe obesity with hypoglycaemia rather than hyperglycaemia, coupled with marked hyperinsulinaemia and massively enlarged islets of Langerhans (Leiter and Coleman, unpublished). This allele has not been placed on the BL/Ks background and the unusual clinical manifestations may be due to the allele itself or the background on which it is maintained. Falconer and Isaacson [14] described a mutant in a heterogenous stock that was named adipose (ad). This was subsequently found to be an allele of diabetes and the gene symbol was changed from ad to db ad. No differences have been observed between db and db aa when the alleles are maintained in the same inbred background [28] .
Homozygous diabetes mice are sterile and heterozygous carriers must be used to propagate these mutants. In this regard, use has been made of the required for breeding, which are thin and black, as opposed to normals (+ m~ + m), thin and gray, and mutants (db +/db +), fat and black [11] . After several hundred matings of this type a crossover was identified between the diabetes and misty locus providing mice carrying misty and diabetes coupled on the same chromosome. These coupled stocks have been extremely valuable in identifying future diabetes mice (mdb/mdb) by the expression of the misty (gray) coat-color as early as 4 days post partum well before any hyperinsulinaemia, obesity or other clinical symptoms are apparent [10] . It must be emphasized that these new stocks provide us with tools for research that are recognizable by coat color and yet are identical in all respects to the original mutation as expressed on the particular inbred background. These stocks should not be confused with those stocks used by others, "DBM", [5] and, "db m", [18] which are not inbred strains and have elements of several inbred strains contaminating the genetic background (see below). (Table 2 ). The syndrome produced in BL/Ks diabetes (db) mice, while similar in early development to that of BL/6 obese (ob) mice, has a more severe diabetes-like condition and a less pronounced obesity. However, both mutations when maintained on the same inbred background exhibit identical syndromes from 3 weeks of age on [9, 21] . Both diabetes and obese mice of the BL/Ks strain have the severe diabetes characterized by insulinopaenia and islet atrophy, whereas both mutations maintained on the BL/6 strain have mild diabetes characterized by islet hypertrophy and hyperplasia of the beta cells. Islet hypertrophy is either sustained or followed by atrophy depending on modifiers in the genetic background rather than the specific action of the mutant gene. The markedly different obesity-diabetes states exhibited when obese and diabetes mice are on different backgrounds points out the importance of strict genetic control in studies with all types of obese-hyperglycaemic mutants. Genetic studies [11] have shown that the modifiers leading to islet hypertrophy and well-compensated diabetes compatible with a near normal lifespan are dominant to those factors causing severe diabetes. Two other mutations, yellow and fat, cause similar diabetes-syndromes and yet have identical symptoms on both inbred backgrounds ( Table 2 ). This may suggest that the primary insult caused by these mutations is not as severe as that for obese and diabetes and that this more gradual initiation of obesity permits the host genome to make a response (islet hypertrophy) compatible with life rather than islet atrophy, insulinopaenia, and life-shortening diabetes.
Effects of Inbred Background
The BL/Ks strain is the only strain studied to date that shows nearly a 100 per cent incidence of severe diabetes in conjunction with either the diabetes or obese mutation. Most strains exhibit a milder syndrome with males being most severely afflicted. Studies with cultured postnatal islet cells have revealed increased synthesis and secretion of glucagon as early as 5 days of age in cells isolated from pancreases of BL/Ks diabetes mice but not those of BL/6 diabetes mice (Leiter and Coleman, unpublished). This abnormality, if present in vivo, could cause excess glucagon secretion early in development and predispose the beta cell to degeneration typical of BL/ Ks but not BL/6 diabetes mice.
The inbred background may be implicated in the control of the number and size of the fat cells in obesity mutants. The obese (ob) mutation on the BL/ 6 background is one of two rodent models characterized by a hypertrophic-hyperplastic type of obesity with both an enlargement and an increase in number of individual fat cells contributing to the obesity. In contrast the phenotypically similar diabetes (db) mutation, maintained on the BL/Ks background, is characterized by adipocyte hypertrophy only [24] . This difference may be related to the effects of the obese and diabetes genes themselves, or may be related to the different genetic backgrounds used in these studies.
Parabiosis Experiments. Having obese and diabetes
on the same histocompatible backgrounds has permitted studies of parabiotic unions of normal with mutant mice and provided some insight into the nature of the primary lesions in these mutants. Unions of diabetes (db/db) with normal mice (Figure 1) resulted in the death of the normal mouse, apparently of starvation, within 3 to 4 weeks after surgery [8] . Our interpretation of this finding is that the diabetes partner produces, but does not respond to, a satiety factor that prevents overeating. In parabiosis this factor crosses into the circulation of the normal partner where it acts on the normal partner's satiety centre to inhibit eating, producing subsequent starvation and death. Parabiosis of two diabetes mice is not lethal to either presumably because both have defective satiety centres. When obese (ob/ob) mice were parabiosed with diabetes (db/db) mice, the obese partner lost weight and died of starvation, while no abnormal changes were observed in the diabetes partner (6; Figure 1 ). This suggests that obese mice are like normal mice with normal satiety centres responsive to satiety factor. Both partners survive in unions of obese with normal mice, suggesting that the obese partner, unlike the diabetes mouse, does not produce sufficient satiety factor to turn off the normal partner's eating drive. However, obese mice in such pairs eat less and gain weight less rapidly than obese with obese pairs [6] . This observation suggests that the normal partner provides a humoral (satiety) factor that regulates food consumption and weight gain in the obese partner. These experiments suggest that the obese mouse is unable to produce sufficient satiety factor to regulate its food consumption, whereas the diabetes mouse produces satiety factor, but cannot respond to it because of a defective satiety centre. This would explain the identical obese-hyper- Feed Efficiency Studies. Both the diabetes and obese mutants on either inbred background are characterized by hyperphagia and obesity. Our studies with obese and diabetes mice pair-fed normal amounts of food on a normal feeding schedule indicate that, even when food intake is normal, conversion of foodstuffs to fat is favoured and the rate of weight gain per gram of food consumed is increased over that seen in sibling controls (Table 3 ). In these experiments normal mice were trained to press a bar to obtain food. The obese and diabetes mice in separate cages received their food only when the normal mouse pressed the bar. Thus all subjects (mutant and normal) received the same amount of food on the same time schedule. Table 3 shows that both mutants gained more weight on the same amount of food in the 28 day period of the experiment. Further, the percentage of body fat accumulated in both obese mutants was increased to values similar to mutants fed ad tibitum (around 40%) even under these conditions of relative food deprivation. The weight gain for the normal mouse was somewhat less than mice fed ad libitum and there was a tendency to store more food as fat (14.9% vs 9.5% ad libitum) suggesting that under these conditions a slightly increased feed efficiency occurs. Cox and Powley [12] demonstrated similar increased feed efficiencies in BL/6 db/db mice derived from our colony. Studies with the obese mouse [16] and the fatty rat [35] indicate that increased feed efficiency and accumulation of excess fat in spite of normal food intake may be a consistent feature of all obesity mutants. Decreased energy expenditure of all these mutants, although undoubtedly a factor, cannot totally account for this increased food efficiency and it must be concluded that although hyperphagia is always present under food ad libitum conditions, it is not a necessary prerequisite for the development of obesity.
Discussion
A primary hypothalamic defect could be involved in both mutants. Both are infertile, have defects in thermoregulation, and are hyperphagic, all evidence which supports a hypothalamic defect. The best documentation for such a defect is found in the diabetes (db) mouse which may have a defective satiety centre preventing it from responding to satiety factor [8] . Although these studies appear very clear-cut, they must be interpreted with caution since the syndrome in the diabetes mouse differs in many respects from the classical syndrome in which the ventromedial nucleus (VMH) is destroyed by electrolytic lesioning. The genetic lesion probably involves a defect in a much more discrete area of the hypothalamus than is destroyed by chemical or electrolytic lesions and many of the normal functions of the region other than satiety may be preserved.
The obese (ob) mouse is phenotypically identical to the diabetes mouse when maintained on the same genetic background suggesting that this syndrome might also be caused by a defective hypothalamus. However, our results with obese mice in parabiosis with diabetes mice suggest that obese mice can respond to satiety factor and that at least that part of the hypothalamus involving satiety is normal [6] . Studies with obese and normal mice in parabiosis have established that food consumption and rate of weight gain was regulated in the obese partner by something coming from the normal partner. This suggested that the obese mouse cannot produce satiety factor in sufficient amounts to control its appetite. Strautz [34] has shown that transplantation of normal islets to obese mice stablized rate of weight gain and reduced both hyperglycaemia and hyperinsulinaemia. These studies imply that the missing satiety factor may be pancreatic in origin. Similar islet transplant studies undertaken by others with obese mice have not been able to repeat these results and this hypothesis, until confirmed, must be considered with caution. Studies by Gates et al. [15] using the genetically dissimilar NZO obesity model have established the existence of a pancreatic, but non-beta cell factor, that will cure NZO mice. It is hard to see how a single factor missing from NZO mice could alleviate the syndrome entirely since the condition is caused by the interaction of several genes and must represent more than one primary defect. Still to be evaluated as potential curative factors are somatostatin, pancreatic polypeptide, and serotonin, all compounds contained in various cells of the pancreas. The hypothalamus regulates food consumption via two mechanisms. The ventromedial region (satiety centre) exerts an inhibitory influence on the lateral hypothalamus (feeding centre) thereby regulating food intake. The lateral hypothalamus (LH) stimulates insulin secretion by the pancreas via impulses through the vagus nerve. A defective satiety centre, as postulated in the diabetes mouse, would cause the LH to fire continuously causing excess insulin secretion very early in development prior to any hyperphagia or signs of obesity. Our studies [10] with preclinical diabetes (db) mice showed this to be the case and support the defective satiety centre hypothesis.
Another attractive hypothesis regarding the primary defect in the obese mouse is a defect intrinsic to the adipocyte itself. Joosten and van der Kroon [25] showed that increases in the size of the individual fat cells in obese mice could be observed as early as 14 days, prior to any evidence of either obesity or hyperglycaemia (24-30 days). These data suggested that the primary defect may be in the metabolism of the individual fat cell. Recent studies [1] using fat pads from obese or normal mice transplanted to the kidney capsule of obese or normal mice showed that the transplanted fat pad took on the morphological characteristics of the host, i. e. normal fat to an obese host caused marked enlargement of the fat cells whereas obese fat to normal host caused normalization of fat tissue. The same results were obtained with fat pads from diabetes and yellow mice and as well as those made obese with the gold thioglucose (GTG) (Ashwell, personal communication). These authors conclude that none of the obesities (ob, db, AY, or GTG) are caused by defects in the fat pad itself but rather the morphology and development of the fat cell depends on the environment in which it is located. The availability of the congenetically athymic nude mouse which does not reject either allografts or xenografts and will accept tissue grafts from unrelated strains and even other species should make this technique applicable to all obesity models as well as human beings.
Both of these syndromes are characterized in the earliest stages by varying degrees of hyperphagia and hyperinsulinaemia. Hyperphagia could initiate changes in the beta cells causing hyperinsulinaemia or, alternatively, a primary defect in the beta cell could cause excessive insulin secretion thereby causing the hyperphagia. Either mechanism sets up a cycle of overeating, increased plasma insulin and further overeating. The question of which comes first is probably academic since neonatal rodents are hyperphagic from birth until weaning. The only satiety signal that is recognizable by the neonate is fullness of gut [13] . Growth rate and fat deposition of the pup is regulated solely by competition for milk among siblings and varies greatly with the size of the litter. Satiety mechanisms develop in a systematic fashion around the time of weaning and thereafter. In the case of the diabetic mouse, hyperphagia persists because it cannot recognize satiety factor whereas in the obese mouse hyperphagia persists because satiety factor is never produced. Accordingly, the hyperinsulinaemia detectable by 12 days in diabetes mice would be a result of an unregulated lateral hypothalamus providing overstimulation to the pancreas rather than resulting from hyperphagia. Even though continuing hyperphagia throughout life contributes to the development of the massive obesity in these mutants, hyperphagia is not a necessary prerequisite to obesity, and if prevented, the mutants still gain some excess weight and accumulate lipid in the same proportion as that seen in mutants fed ad libitum.
Hyperphagia or hyperinsulinaemia would lead to obesity and beta cell hyperactivity causing either compensatory hypertrophy and hyperplasia of the beta cells or beta cell exhaustion and atrophy. In early development, continued hyperphagia causes increased insulin secretion followed by increased hyperphagia which in turn causes further secretion of insulin. Hyperinsulinaemia, as a primary defect would have the same consequences, sustaining and constributing to hyperphagia, to more insulin secretion, and to other metabolic changes characteristic of both mutants. The target organs for insulin become maximally stimulated. Insulin resistance intervenes, probably to protect the animal against what should be the hypoglycaemic effect of the excess insulin. The pancreatic output of insulin is either sustained, thus maintaining grossly elevated concentration of insulin and producing a massive obesity, or islet atrophy occurs causing insulinopaenia, severe diabetes and premature death.
These diabetes models have some aspects of both maturity-onset and juvenile diabetes and each has some application to studies of both. Varying the background on which the mutation is maintained has profound effects on the type of diabetes produced. Investigators wishing to study a model of juvenile type of diabetes could choose either the diabetes or obese mutations on the BL/Ks background whereas those more interested in obesity and a maturity-onset diabetes could choose these same mutants on the BL/6 background. An understanding of the mode of action of these modifying genes that change the course of the disease from a severe juvenile type to a more benign obesity or maturity-onset type of diabetes would be an important contribution to the understanding of human diabetes variants.
